The electronic properties and stability of Li-doped ZnO with various defects have been studied by calculating the electronic structures and defect formation energies via first-principles calculations using hybrid Hartree-Fock and density functional methods. The results from formation energy calculations show that Li pair complexes have the lowest formation energy in most circumstances and they consume most of the Li content in Li doped ZnO, which make the p-type conductance hard to obtain. The formation of Li pair complexes is the main obstacle to realize p-type conductance in Li doped ZnO. However, the formation energy of Li Zn decreases as environment changes from Zn-rich to O-rich and becomes more stable than that of Li-pair complexes at highly O-rich environment. Therefore, p-type conductance can be obtained by Li doped ZnO grown or post annealed in oxygen rich atmosphere.
I. INTRODUCTION
As a wide band gap semiconductor with a direct band gap of 3.37 eV at room temperature and a large exciton binding energy (60 meV) [1] , ZnO has attracted extensive concerns in the last decade. Due to the numerous outstanding properties in zinc oxide, ZnO has become a promising semiconductor material for piezoelectric devices [2, 3] , UV light-emitting devices [4] , electronic devices [5] , sensors [6] , and switches. However, the progress has been hindered by the lacking of high quality p-type conductivity. A lot of theoretical and experimental studies are reported [7−12] . Although experimenters have tried their best to realize high quality p-type ZnO conductivity via introducing probable dopants, it is still full of controversial.
A series of theoretical studies on defects in ZnO, such as oxygen vacancy and Zn interstitials [13, 14] , are studied by first-principles calculations in the past decade. Recent results demonstrate that oxygen vacancies are not shallow donors but actually deep donors and should not cause the unintentional n-type conductivity [15] . Similarly, zinc interstitials cannot contribute n-type conductivity. Thus, the contributions of unintentional n-type conductivity are still puzzled now.
As doping is considered as a preferred way to obtain good p-type ZnO, theoretical and experimental studies have turned to find suitable dopants for zinc oxide. Many dopants have been studied for p-type zinc oxide, * Author to whom correspondence should be addressed. E-mail: yousongu@mater.ustb.edu.cn, Tel.: +86-10-62334725 such as group-I elements on zinc sites [16−18] , group-V elements on O sites [19−21] , other elements [22, 23] , and even co-doping by two elements [24] .
However, dopants used to achieve high quality and stable p-type ZnO has not been identified up to now. The reliability and reproducibility of these results are still under debate. For instance, N on O site as a promising dopant to realize p-type conductivity is still controversial. Park et al. asserted N as a suitable acceptor in ZnO by theoretical study [25] , while Lyons et al. showed that nitrogen was actually deep acceptors which cannot lead to p-type conduction in zinc oxide [26] . Experimentally, the low resistivity and high mobility in N-doped ZnO have not been yet realized to meet the requirements for actual applications.
Similarly, controversy has arisen in group-I species (Li, Na, K) substituting Zn, which have been predicted to be shallow acceptors in the past theoretical studies [16, 24, 25] . p-type ZnO has grown successfully in many experimental reports [17, 27] . However, other theoretical and experimental studies [28, 29] suggest that group-I elements should be deep acceptors, which makes p-type conduction hard to realize. Moreover, lithium ions at interstitial sites are stable shallow donors that strongly compensate the substituting acceptors. Consequently, it is still far from clear on fundamental characteristics of Li doping in p-type ZnO. Additionally, the doped systems prepared by chemical vapor deposition (CVD), magnetron sputtering or other methods contain numerous defects including impurities and native defects as well as defect complexes. The characteristics of materials are greatly influenced by defect concentrations and interactions among these defects. Although many theoretical studies on the point defects of Lidoped ZnO have been reported in the past, single point defects have not been able to clarify the gap between real circumstance and theoretical studies. Comprehensive understandings of interactions and structural relaxations among all kinds of defects may help us identify the conflicting results on Li-doped ZnO.
First principle calculations with density functional theory cannot describe correctly the excited states and usually underestimate the band gap in ZnO. The hybrid Hatree-Fock density functional method could yield more accurate electronic structures.
In this work, first principles calculations were performed to investigate the defects energetics and electronic structures of Li doped ZnO, based on density functional GGA+U method and the hybrid HatreeFock and density functional method. The defects were studied include Li induced and native defects, as well as complex defects formed by two isolated defects. As all the defects considered in our calculations are electric neutral, finite-size corrections are not made in this work. In addition, a possible way to realize p-type conduction in ZnO is proposed and the mechanism involved is explained.
II. COMPUTATIONAL DETAILS AND METHODS
To obtain comprehensive views of Li doped ZnO, two kinds of calculations were performed: (i) first-principles calculations based on density functional theory (DFT) with a generalized gradient approximation and onsite Coulomb correlation (GGA+U ); (ii) calculations employing hybrid Hartree-Fock and density functional method on the Perdew-Burke-Ernzerhof (PBE0) approximation.
GGA+U calculations were carried out with ultrasoft Vanderbilt pseudo potentials with GGA-PBE exchange correlation functional. The GGA+U was represented according to Dudarev et al. which used only an effective U parameter (U eff =U −J) [30] . The parameter U eff was evaluated by adjusting the zinc d-orbital's position to experimental results. On-site coulomb correlation U was applied to the zinc d-orbital with U eff =7.0 eV. A plane-wave basis set was defined by a cutoff of 400 eV. k-point grid was a 7×7×4 gamma-centered MonkhorstPack grid. In addition, the lattice parameters and atomic positions are fully relaxed using conjugate gradient method, so that the convergence threshold for forces in structure relaxation was less than 0.05 eV/Å. 2×2×2 supercells were used in all the calculations to deal with doping configurations.
The hybrid density functional study was using the QUANTUM-ESPRESSO package [31] with normconserving Troullier-Martins (TM) pseudo potentials. Calculations were performed using a high kinetic-energy cutoff of 60 Ry. In addition, a fraction α of PBE exchanges with Hartree-Fock exchange was chosen to be 0.25. Due to the large computation loads associated with the hybrid calculations, electronic structure calculations were performed on supercells relaxed by the GGA+U calculation. The k-points were sampled in a 3×3×2 Monkhorst-Pack grid.
The formation energies of defects ∆H f are determined by total energies, and defects with low formation energies are easy to form. We employ the formation energies defined in the literatures [32, 33] . As all the defects considered in our calculations are electric neutral, we simplify the formula as follow
where E(α) is the total energy of the supercell with defect α, and E(host) is the total energy of the perfect supercell. The above two terms are calculated from first principles calculation. µ i is the chemical potential of atoms of species i, n i is the number of atoms of species i. µ Zn and µ O are originated from the change of the energies of zinc and oxygen reservoirs when the numbers of atoms are changed. Parameter λ varies from 1 to 0, which represents different conditions as the oxygen-rich (zinc-poor) and oxygen-poor(zinc-rich) surrounding respectively [19] . We formulate µ Zn and µ O as [21] µ Zn =µ (Zn,bulk
Moreover, µ Zn and µ O must satisfy the relation,
∆H f is the formation heat of ZnO bulk materials, we have calculated to be 3.33 eV compared with an experimental value of 3.61 eV [34] . Li is assumed to satisfy the formula similar to that of zinc oxide. That is
The binding energy E b of a complex defect represents energy changing from isolated defects to a complex defect, and it can be either endothermic or exothermic. The binding energy can be defined in terms of the total energies of the components:
A negative binding energy means the reaction is exothermic, which corresponds to a stable, bound defect complex.
III. RESULTS AND DISCUSSION
A. Perfect ZnO
The geometry relaxation was performed for the perfect ZnO by DFT method with GGA+U correction. The calculated lattice constants were a=3.18Å and c=5.11Å, which were about 2% smaller than the experimental values of a=3.24Å and c=5.21Å, and the c/a ratio was 1.606 in good agreement with the experimental value of 1.608 [1] . The atomic models of the relaxed ZnO are shown in Fig.1 . The band structure of the relaxed ZnO was calculated via the hybrid functional method with the PBE0 formula, as shown in the right part of Fig.1 . In consistence with the doped ZnO, a 2×2×2 supercell is used in electronic structural calculations. Due to the huge computational load of the hybrid functional method, data were only sampled at symmetric points and linked by straight lines. A large direct band gap of 3.4 eV is obtained and the Fermi level is located in the middle of the band gap. It shows that ZnO is a direct band gap semiconductor with wide band gap, which agrees very well with experimental results. It seems that the employed hybrid functional method can yield reliable band structure of ZnO.
B. Li-induced single defects
The relaxed crystal structures, defect formation energies and electronic structures of ZnO with single defects were studied. Single defects in Li-doped ZnO consist of native defects, such as oxygen vacancy (V O ), zinc vacancy (V Zn ), oxygen and zinc interstitials at the octahedral and tetrahedral sites
, and Li induced defects, such as Li substitution at zinc site (Li Zn ), and Li interstitial at the octahedral and tetrahedral sites (Li i(O) , Li i(T) ). For native defects studied by many groups [8, 11, 13, 16, 18] are mentioned for comparison with the Li dopants and complex cases, no detailed discussions are needed in this section.
Li induced defects include Li Zn , Li i(T) and octahedral sites Li i(O) . Since zinc atom can provide two 4s electrons while Li can provide only one single 2s electron, it is expected that Li Zn acts as an acceptor, and Li located at interstitial site behaves as a donor. Geometry relaxations of the Li induced defects were performed with GGA+U method and band structures were calculated by the hybrid functional method. Figure 2 shows the relaxed atomic model of ZnO with Li induced defects and the corresponding band structures.
In the case of Li substitution at Li Zn , the calculated lattice constants were a=3.16Å and c=5.09Å. Both the lattice constants a and c decreased as the radius of Li ion is smaller than that of Zn ion. The lattice parameters a and c/a ratio decreased by 0.6% and 0.25%. The Li−O bonds decreased about 1.5% relative to the host bond-length of 1.97Å along the c-axis, as shown in Fig.2(a) . Fig.2(b) . The corresponding band structure is a typical n-type semiconductor with the Fermi level lying across the conduction bands. Li interstitials can be regarded as good donors in ZnO. When Li at interstitial site is added to the ZnO host, the extra electron has to fill higher energy level and finally lies at the conduction band.
For Li i(T) , the lattice constant c increased a lot while a remained the same, and the parameter c/a enlarged by 1.7% compared with that of the host material. The geometry depicted that the neighboring oxygen atoms surrounding Li atom displaced inward, while the Zn neighbors were repelled outward. It was also found that Li i(T) was not stable, and the final positions resembled to Li in the tetrahedral interstitial cage and a Zn neighbor lying at another interstitial site, as shown in Fig.2(c) . The Zn neighbor above the Li impurity was displaced outward about 0.52Å from the original site of the undistorted structure along c axis, where the Zn−O bond was only 1.82Å relative to 1.96Å of undistorted bond. Compared with contracted Zn−O bond, the bond of Li−O was 1.93Å relative to the bond of Li−Zn at 2.28Å. The calculated band structure was quite similar to that of Li i(O) and n-type semiconductor was expected. However, since the formation energy of Li i(O) was 0.69 eV higher than that of Li i(O) , Li interstitials were preferred to locate at the octahedral site.
C. Defect complexes
Besides the single defects, there are defect complexes existing in Li-doped ZnO. When defects are combined to defects pairs, the overall formation energy may be lower than that of the single defects. The structures, the formation energies and electronic properties were studied in this section. The complexes are classified to three groups: (i) Li pairs at interstitial and adjacent substitution site, (ii) Li substituting Zn sites with a native defect at the adjacent site, (iii) Li interstitials at octahedral or tetrahedral sites adjacent to native defect V O and V Zn .
Li-pair complexe
In the case of Li interstitials at octahedral site adjacent to another Li atom at zinc site (Li Zn −Li i(O) ), the ball and stick model of the relaxed defect complex are shown in Fig.3(a) . Li atoms in octahedral cage were attracted by Li atoms at Zinc sites and moved slightly toward O atoms. The Zn−O bonds were expanded by approximate 1.6% compared to the bonds of the host crystal. The calculated Li−O bond length was 2.09 and 1.93Å for the corresponding axial and non-axial bonds respectively.
When Li interstitials at tetrahedral site is adjacent to another Li atom at zinc site (Li Zn −Li i(T) ), the ball and stick model of the relaxed defect complex are shown in Fig.3(b) . Large distorted was found after the structural relaxation. The Li atom pair formed a dimmer oriented along the c axis and occupied the zinc site. The formation energy of Li Zn −Li i(T) was 0. 21 and Li Zn −Li i(T) were 2.04 and 1.80Å, respectively. The reason might be due to the structural relaxation that excluded Li impurities from Zn occupied site in w-ZnO and pushed it into interstitial cage. Consequently, our structural configuration after relaxation should be considered as the combination of two point defects rather than Li 2 O encapsulated in w-ZnO. 
Li substitution complexes
Substitution complexes represent the cases where Li substitution at zinc site adjacent to the native defects. The complexes of Li Zn with Zn i(O) and Zn i(T) have the same atomic species as Li interstitials and will degenerate to it after geometry relaxation, so they will not be considered here. The ball and stick models of the relaxed ZnO with Li substitution complexes with V Zn , V O , and O i(T) and the corresponding band structures calculated by the hybrid functional method are shown in Fig.3 (c), (d) , (e).
The atomic models of Li substitution complexes with V O (Li Zn −V O ) showed that Li on Zn site was repelled outward the basal plane of Zn atoms by the neighboring V O , but the Zn neighbors around V O were not displaced, as shown in Fig.3(c) . Due to the interaction between Li Zn and V O , Zn−O bond length was elongated by 3% over the defect-free bonds. The Li−O bonds were decreased by 5.2% compared to the bonds of the crystal with isolated defect Li Zn . The corresponding band structures illustrated that there were partially occupied wide band above the valence band and a couple of narrow bands in the conduction bands. Interaction between Li Zn and V O made the valence bands shifted towards conduction bands and the Fermi level now moved into the valence bands. Due to the wide partially occupied band, ZnO with Li Zn −V O complexes is expected to be good conductor with high mobility.
The crystal structure of Li substitution complexes with V Zn (Li Zn −V Zn ) was distorted slightly after relaxation. The Zn−O bonds surrounding the Zn vacancy were shortened by 3.6% compared to the bonds of the Li Zn without vacancy. Meanwhile, the Li−O bonds were also reduced by 2.3% relative to that in Li Zn . The band structure of the complex in Fig.3(d) shows four wide bands with Fermi level pass through. Good conductivity is expected and it can be regarded as p-type conduction since the Fermi level is on the top of valance band and the band structure is acceptor-like. However, since the defect formation energy is very large and the binding energy is positive, this kind of defect complex is not expected to exist in ZnO.
The atomic models of Li substitution complexes with O i(T) (Li Zn −O i(T) ) showed that O interstitial was bonded with the neighbor O, and the O−O bond was nearly 1.37Å, as shown in Fig.3(e) . The structural configuration resembled to O dimer encapsulated in wZnO. The corresponding band structure of Li Zn -O i(T) showed a partially occupied wide band along the Γ-A and Γ-M directions. It suggests that it may be a good conductor at these direction and semiconductor along the other directions.
The Li substitution complexes with Zn i (Li Zn −Zn i ) had the same atomic species as Li i and will degenerate to Li i after geometry relaxations. Therefore, the complex of Li Zn −Zn i was not a distinct configuration, and will not be discussed here.
Li interstitials complexes
Li interstitials complexes include Li interstitials with native defects (V Zn and V O ). In the case of defect complex of Li i −V Zn , geometry relaxation showed that interaction between two single defects made Li interstitials overcome the energy barrier and moved into zinc site. In another words, the Li i −V Zn complex degenerated to the single defect, Li Zn .
For the defect complex of Li interstitials with
, the defect formation energy is quite large so that it will not appear in ZnO. The binding energy is also positive, which means that these defect complexes will not be formed, so these two kinds of defect complexes will not be discussed in detail here.
D. Doping efficiency and p-type conductivity
The amount of defects existing in ZnO is mainly determined by their formation energies and we can gain an insight by evaluation of the formation energies at different atmospheres. At the same time, the doping efficiency can be discussed in term of the defect formation energies in order to find the possible ways to realize p-type conductivity in Li-doped ZnO. The formation energies calculated from the total energy for the single defects and defect complexes are illustrated in Fig.4 , and the ambient environment is represented by the parameter: 0 for Zn-rich and 1 for O-rich. Since the defect equilibrium concentration is described by [28] :
where C represents equilibrium concentration, N site and E f are the number of sites with/without the defect in the lattice and the formation energy, respectively. The calculated binding energies of the defect complexes are also shown in Table I . As k B T at room temperature was approximately 25 meV, a difference of defects with formation energies of 0.1 eV will result in a decrease of concentration by 0.018. Therefore, only the defects with low formation energies will be considered in this work. From the consideration of possible defects existing in Li doped ZnO under Zn-rich atmosphere, it is clear that p-type conduction is impossible, since all the defects will result in either intrinsic or n-type semiconductor.
The Li
When the environment changed from Zn-rich to Orich as indicated by the increase of the parameter λ, the formation energy of V O increased and it would disappear in ZnO, the formation energies of Li-pair complexes remained unchanged, while the formation energy of Li i(O) increased and that of Li Zn decreased, the formation energy of Li Zn finally became lower than that of Li i(O) . When λ was more than 0.86, the formation energy of Li Zn is lower than that of Li pair complexes. Under the O-rich environment, Li Zn has the lowest formation energy of 0.69 eV, as compared to 0.90 eV for next lowest formation energy of Li pair complexes (Li Zn −Li i(O) ), Li Zn will dominant and consume most of the Li content. Li Zn will exist with high concentration in the view of formation energies and overcome the thermodynamic diffusions and compensation effects, the efficient p-type conduction can be obtained in O-rich environment. Therefore, under extreme O rich condition, Li Zn has high equilibrium concentrations and Li pair complex has a very small fraction of the Li content. The next high formation energy is for Li Zn −O i(T) , which is 1.23 eV higher than that of Li Zn , and the concentration of this defect complex is negligible. From the above consideration of possible defects existed under O rich situation, Li Zn will dominant and consume almost all the Li content in Li doped ZnO. Since ZnO with Li Zn is a good conductor with high mobility and p-type condition, p-type conductance in Li doped ZnO can be found under O-rich environment.
Based on the above results, we could give some suggestions on the possible way to realize p-type conductance: it can be obtained by Li doping ZnO in O-rich atmosphere; it can also be achieved by post annealing under O-rich condition. To maintain the ptype conductance, devices using p-type ZnO materials should be set in O-rich environment to prevent the dissipation of oxygen content.
IV. CONCLUSION
The electronic properties and stability of Li-doped ZnO with various defects have been studied via combined hybrid Hartree-Fock density functional and GGA+U methods. The results from formation energy calculation show that Li pair complexes have the lowest formation energy in most circumstances and consume most of the Li content in Li doped ZnO, which make the p-type conductance hard to obtain. The formation of Li pair complexes is the main obstacle to realize p-type conductance in Li doped ZnO. However, the formation energy of Li Zn decreases as environment changes from Zn-rich to O-rich and becomes lower than that of Li-pair complexes at highly O-rich environment. Therefore, p-type conductance can be obtained in Li doped ZnO grown or post annealed in oxygen rich atmosphere. 
